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ABSTRACT
Spatially resolved observations of protoplanetary discs are revealing that their inner
regions can be warped or broken from the outer disc. A few mechanisms are known to
lead to such 3D structures; among them, the interaction with a stellar companion. We
perform a 3D SPH simulation of a circumbinary disc misaligned by 60◦ with respect
to the binary orbital plane. The inner disc breaks from the outer regions, precessing
as a rigid body, and leading to a complex evolution. As the inner disc precesses, the
misalignment angle between the inner and outer discs varies by more than 100◦. Dif-
ferent snapshots of the evolution are post-processed with a radiative transfer code, in
order to produce observational diagnostics of the process. Even though the simulation
was produced for the specific case of a circumbinary disc, most of the observational
predictions hold for any disc hosting a precessing inner rim. Synthetic scattered light
observations show strong azimuthal asymmetries, where the pattern depends strongly
on the misalignment angle between inner and outer disc. The asymmetric illumina-
tion of the outer disc leads to azimuthal variations of the temperature structure, in
particular in the upper layers, where the cooling time is short. These variations are
reflected in asymmetric surface brightness maps of optically thick lines, as CO J=3-
2. The kinematical information obtained from the gas lines is unique in determining
the disc structure. The combination of scattered light images and (sub-)mm lines can
distinguish between radial inflow and misaligned inner disc scenarios.
Key words: accretion, accretion discs — circumstellar matter — protoplanetary
discs — hydrodynamics
1 INTRODUCTION
Scattered light observations of protoplanetary discs are re-
vealing that many systems might host misaligned inner
discs. The three dimensional (3D) structure of these sys-
tems is inferred by the peculiar pattern of shadows that are
cast by the unresolved inner regions onto the outer regions of
such discs. The most famous example is HD142527 (Marino
et al. 2015), but other cases have recently been observed,
showing a similar pattern (e.g. Stolker et al. 2016; Oh et al.
2016; Benisty et al. 2017; Long et al. 2017). Other objects re-
veal a mild warp in the inner regions (e.g. Debes et al. 2017),
with no evidence of a radial discontinuity in the direction of
the angular momentum of the disc.
Additional support to warped or broken structures in
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the inner regions of discs is provided by the kinematics ob-
tained via rotational lines of abundant molecules in the (sub-
)mm spectral range, in particular CO. The 1st moment map
of the inner regions of a few discs deviates from simple Ke-
plerian rotation, and is compatible with a gradient of the
plane where the disc rotates (e.g. Pineda et al. 2014; Casas-
sus et al. 2015a; Brinch et al. 2016; Loomis et al. 2017; Walsh
et al. 2017). In the circumbinary GG Tau disc, there is indi-
rect evidence of a misalignment between the outer disc and
the binary orbital plane, which should also lead to a warped
structure (Cazzoletti et al. 2017). Finally, optical and near-
infrared (NIR) light curves of T Tauri stars sometimes show
long-lived deep dimming events, which have been also mod-
elled as due to a misaligned precessing inner disc (e.g. Bou-
vier et al. 2013; Lodato & Facchini 2013; Facchini et al.
2016; Schneider et al. 2017). Similarly, some models of the
so-called dippers (e.g. Alencar et al. 2010; Cody et al. 2014;
Stauffer et al. 2015; Ansdell et al. 2016) invoke a misaligned
© 2017 The Authors
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inner disc (Bodman et al. 2017, and references therein) to
explain the variability of about 10−50% of the observed flux.
Theoretically, the approach to the possibility of mis-
aligned inner discs has come in two different and in most
cases complementary ways. The first one is to describe the
(magneto-)hydrodynamical causes that might lead to the
formation of broken discs, and more generally of warps. The
second one consists in running radiative transfer codes on a
simplified parametric model of a warped or broken disc, and
then comparing synthetic images of the model with observed
systems to constrain the main parameters of the 3D struc-
ture of the disc (e.g. Min et al. 2017). Ruge et al. (2015) and
Juha´sz & Facchini (2017, hereafter Paper I) have started to
post-process hydrodynamical simulations of mildly warped
discs with radiative transfer codes, in order to produce more
realistic synthetic images to be compared against observa-
tions and to provide time evolution of such structures.
Linear theory predicts that the propagation of warps in
protoplanetary discs is expected to occur via bending waves
(Papaloizou & Pringle 1983; Papaloizou & Lin 1995). This
holds true whenever the dimensionless turbulent parame-
ter α . Hp/r, where Hp is the pressure scale height of the
disc (see Nixon & King 2016, for a recent review) and r is
the disc spherical radius. Both theoretical expectations (e.g.
Turner et al. 2014) and constraints from observations (e.g.
Flaherty et al. 2015, 2017; Teague et al. 2016) confirm that
this is indeed the case, under the assumption that turbulence
is related to the kinematic viscosity ν = αcsHp (Shakura &
Sunyaev 1973), where cs is the sound speed. Linearised equa-
tions of warp propagation in the bending waves regime have
been derived for discs misaligned to an axisymmetric poten-
tial (e.g. Lubow & Ogilvie 2000), which can occur whenever
the disc is misaligned with respect to an internal or exter-
nal massive companion orbit (e.g. Lubow & Ogilvie 2001;
Facchini et al. 2014), or when the disc is misaligned to the
magnetic dipole moment of the central star (e.g. Foucart &
Lai 2011). The steady-state solution of these equations have
also been recovered by full 3D hydrodynamical simulations
for different central potentials (Facchini et al. 2013; Nealon
et al. 2015).
A detailed non linear theory of warp propagation in the
bending waves regime is yet to be developed (an initial study
is by Ogilvie 2006). However, hydrodynamical simulations
have shown that when a thick disc (Hp/r > α) is misaligned
by & 15−30◦ to the symmetry plane of the potential (such as
the binary orbital plane for circumbinary discs, or the plane
perpendicular to the dipole moment of the stellar magnetic
field), the disc can break, with (at least) an inner annulus
that becomes misaligned to the outer disc (e.g. Larwood
et al. 1996; Facchini et al. 2013; Nealon et al. 2015). This
behaviour is also reproduced in simulations of the so-called
diffusive regime, i.e. when Hp/r < α (e.g. Nixon et al. 2012b,
2013; Dog˘an et al. 2015), indicating that disc breaking can
occur in very different astrophysical conditions. This phe-
nomenon is known as disc tearing (Nixon et al. 2012b), and
it is the focus of this paper.
Other recent studies also show that a planet that is mas-
sive enough to carve a gap in the gas surface density of a disc
can become misaligned to the outer disc by secular interac-
tion with an external misaligned companion (Lubow & Mar-
tin 2016; Martin et al. 2016), or by precessional resonances
(Owen & Lai 2017). In both cases, the inner disc (within
2 4 6 8 10 12 14
r/a0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
<
h
>
/H
p
Figure 1. Ratio of average smoothing length and disc scale-
height at t = 0.
the planet/companion orbital radius) might get aligned to
the orbital plane of the planet, thus becoming misaligned to
the outer disc. Thus, the three most promising scenarios to
produce an inner disc misaligned to the outer disc are: 1) a
circumbinary disc misaligned to the binary orbital plane; 2)
a stellar magnetic dipole moment that is misaligned to the
angular momentum vector of the outer disc; 3) a misaligned
massive planet/companion tilting the circumprimary disc.
In this paper, the misaligned circumbinary case is con-
sidered, since hydrodynamical simulations are well tested
for this scenario. We follow the evolution of such circumbi-
nary case using 3D smoothed particle hydrodynamics (SPH)
simulations, where the disc is expected to break due to the
large initial misalignment. The simulation is used as input
for radiative transfer code, in order to obtain observational
diagnostics of broken discs for realistic hydrodynamical sim-
ulations. This method has already been exploited in Paper
I to derive observational diagnostics of mildly warped discs,
whereas in this paper we focus on the regime where the disc
breaks. We stress that we focus on the circumbinary disc
case, but the observational expectations obtained at differ-
ent time in the disc evolution can be applied to any disc
that hosts a misaligned (broken) inner disc. Only the quan-
titive behaviour of the secular evolution will be specific for
a circumbinary disc.
2 HYDRODYNAMICAL SIMULATION
2.1 Setup
The numerical method used in this paper is very similar to
the one adopted in Paper I. The 3D SPH code phantom
(Price et al. 2017) is used to reproduce the evolution of a
circumbinary disc orbiting an equal mass binary on a circular
orbit, with initial orbital separation a0. The primary and
secondary mass are labelled as M1 and M2, with the two
stars being of equal mass. The initial misalignment between
the disc and the binary is set to θ = 60◦. The two central
stars are represented by sink particles (Bate et al. 1995) with
a sink radius of 0.45a0. The initial surface density of the disc
MNRAS 000, 1–18 (2017)
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Figure 2. Snapshots of the hydrodynamical simulation, with the vertical axis of the image being z, i.e. the initial direction of the binary
angular momentum. The time in the top right corner is expressed in units of the initial binary period Tb.
is set to a power law scaling as r−1 between 1.7a0 and 15a0,
with a local isothermal equation of state with cs ∼ r−1/4 (and
thus an implied temperature T ∼ r−1/2), which is used to set
the initial vertical distribution of SPH particles. The aspect
ratio Hp/r is 0.041 at r = 1.7a0 (i.e. at the tidal truncation
radius if the binary and the disc were rotating on the same
plane; Artymowicz & Lubow 1994; Lubow et al. 2015) and
scales with r1/4. The mass of the disc is set to 1% of the
total mass of the central binary. The simulation uses 106
SPH particles.
The moderate/high number of particles is used to main-
tain the effective viscosity from the artificial viscosity terms
lower than the physical viscosity. In the code the artificial
viscosity αAV ranges between 0.01 and 1, controlled by a
Morris & Monaghan (1997) switch, and βAV = 2 (see Price
et al. 2017, for more details). The physical viscosity is im-
plemented using the formulation by Flebbe et al. (1994),
which has been benchmarked and tested also in simulations
of warped discs (Lodato & Price 2010; Facchini et al. 2013).
The bulk viscosity is set to 0, whereas the shear viscosity is
computed as αc2s /ΩK, where α = 0.02, and ΩK is the Keple-
rian orbital frequency. The shear viscosity is assumed to be
isotropic1. Note that Nealon et al. (2016) have shown that
warped disc models with isotropic α and turbulence driven
by magneto rotational instability (Balbus & Hawley 1991)
lead to the same warp evolution.
The effective viscosity (parametrized as αeff) due to ar-
tificial viscosity can be roughly estimated as (e.g. Lodato &
Price 2010):
αeff ≈
1
10
< h >
Hp
αAV, (1)
1 An isotropic α is not equivalent to an effective diffusion coef-
ficient for the radial communication of the angular momentum.
While the component of the angular momentum that is paral-
lel to the local orbital plane is radially communicated with an
effective viscosity ∝ 1/α, the component perpendicular to the lo-
cal orbital plane is communicated with an effective viscosity ∝ α
(Papaloizou & Pringle 1983; Pringle 1992; Lodato & Pringle 2007;
Nixon 2015).
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Figure 3. Radial dependence of the β and γ angles for a snapshot
at t = 347.5Tb. The distinction between the inner and outer discs
is clearly visible in both angles. The outer disc is neither warped
nor twisted.
where < h > is the average smoothing length at a given
radius r. The radial dependence of < h > /Hp at the initial
condition of the simulation is shown in Figure 1. Within
the bulk of the disc and away from shocks, where αAV ∼
0.01, the physical viscosity is much higher than the effective
viscosity caused by the artificial one. In regions that are
affected by shocks, where αAV & 0.1, the effective viscosity
can give a non negligible contribution to the radial transport
of material.
The evolution of the binary-disc system is computed for
1400 binary orbits, where the period of the binary at t = 0
is expressed as Tb throughout the paper.
In order to describe quantitatively the evolution of the
misalignment angles in different parts of the disc, we de-
fine a reference frame and a few useful angles. The plane
where the binary orbits at t = 0 is the xy-plane. The
disc is initially misaligned along the y-axis. At every ra-
dius r of the disc, the inclination can be defined through
the specific angular momentum vector l(r) = (lx, ly, lz ) =
(cos γ(r) sin β(r), sin γ(r) sin β(r), cos β(r)) (e.g. Pringle 1996).
The tilt angle β(r) defines the angle between the direction of
the specific angular momentum of the disc and the positive
z-axis. The twist angle γ(r) describes the azimuthal angle
of the specific angular momentum with respect to an arbi-
trary axis on the xy-plane. Usually these angles are defined
with respect to the specific angular momentum of the binary.
However, since the binary inclination does mildly evolve dur-
ing the whole simulation, we have defined these quantities
with respect to a plane fixed in time.
2.2 Results
In a few binary orbits, the outer disc expands outwards, since
the initial condition implies a pressure discontinuity at the
initial outer edge. More importantly, after a few binary or-
bits the disc breaks in two separate annuli (Figure 2), where
the inner disc starts to precess independently as a rigid body,
and the outer disc is only mildly warped (Figure 3). The ra-
dius at which the disc initially breaks is at ∼ 3a0. This break-
ing radius is in broad agreement with the theoretical expec-
tations by Nixon et al. (2013, see their Appendix). Within
the assumption of an inviscid disc, they predict that in the
bending waves regime, the disc should break when the ex-
ternal torque is larger than the internal torque generated by
pressure forces. For a circumbinary case, this requirement
translates into (equation A3 in Nixon et al. 2013):
rbreak .
(
3
4
µ2 | sin 2θ | rHp
)1/2
a, (2)
where µi = Mi/(M1 + M2) (equalling 0.5 in this work for
both i = 1, 2), and a is the binary separation at time t.
Implementing the parameters of the simulations presented
here, with Hp/r evaluated at the inner edge, we obtain that
rbreak . 2.8a0, very close to the 3a0 value reported above.
Note that we do expect rbreak to be close to the inner edge of
the disc, since the external torque generated by the binary
declines steeply with radius, with a power-law form ∝ r−7/2
(e.g. Nixon et al. 2011; Facchini et al. 2013).
After ∼ 1 precession period, at t ∼ 175Tb, a combination
of pressure gradients from the outer disc, and a high effec-
tive viscosity caused by the very low gas density and αAV
being ∼ 0.1, has filled in the small gap between the inner
and the outer disc. At this time, the misalignment between
the inner and outer disc is also high enough that the relative
velocities of the gas parcels of the inner and outer regions at
radii close to rbreak are supersonic. Thus, the gas undergoes
a shock, with consequent loss of kinetic energy and cancel-
lation of angular momentum (see Figure 4), leading to a
temporary disruption of the inner disc and an enhancement
in the accretion rate (as seen in other simulations, e.g. Nixon
et al. 2012a,b, 2013; Nealon et al. 2015; Dog˘an et al. 2015).
Mass flux from the outer to the inner regions leads to the
formation of a new inner disc (visible in the two lower panels
of Figure 2), where the new rbreak ∼ 5.5a0 is larger than the
initial one. This is due to viscous internal torques becoming
comparable to internal pressure torques. In fact, after the
accretion event, the inner disc has a lower surface density,
leading to higher viscous torques (a lower density implies
higher numerical viscosity in SPH, see Equation 1). In the
extreme case of viscous torques dominating the warp evolu-
tion, Nixon et al. (2013) derived the following constraint on
rbreak:
rbreak . 50µ1/22 | sin 2θ |1/2
(
Hp/r
0.1
)−1/2 (
α
10−3
)−1/2
a. (3)
For the parameters used in the simulation, and using the
physical value of α implemented in the simulation, this im-
plies rbreak . 11.5a0. After the disruption of the first inner
disc, the breaking radius is halfway between what is pre-
dicted by the bending waves regime (Equation 2), and by
the diffusive regime (Equation 3). A similar result has been
found by Nealon et al. (2015) for a different external torque.
For simplicity, in this simulation, we initialised the bi-
nary on a circular orbit. However, some level of eccentricity
can easily be attained in astrophysical systems. A famous
example is the circumbinary disc-hosting system GG Tau,
where the best fit to astrometric measurements of the cen-
tral stars indicates an eccentric orbit (Ko¨hler 2011). Even a
small eccentricity of the central binary can induce a partic-
MNRAS 000, 1–18 (2017)
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Figure 4. Snapshot of the hydrodynamical simulations. When
the misalignment between inner and outer disc has become high
enough, the material grazing the connection region can shock and
quickly accrete onto the central stars.
ular evolution of the circumbinary disc, as polar alignment
(Aly et al. 2015; Martin & Lubow 2017; Zanazzi & Lai 2017),
but due to our initial condition we do not observe such be-
haviour.
Throughout the whole simulation, the binary orbital pa-
rameters do not vary significantly. The binary separation
varies by a maximum of 1.5%, and the eccentricity increases
to a maximum of ∼ 2 × 10−3 (see Figure 5). The inclination
of the orbital plane evolves somehow more significantly, due
to the back-reaction of the disc onto the binary itself, and
the accreted material. The orbital plane tilts by a maximum
of ∼ 3.7◦ throughout the simulation.
In order to quantitatively estimate the evolution of the
inclination of the inner and outer disc, we follow the method
described in section 3.2.6 of Lodato & Price (2010). We thus
compute the specific angular momentum vector averaging
over the gas particles contained in 500 thin concentric spher-
ical shells between 0.75a0 and 30a0. To trace the inner disc,
we consider the evolution at r = 2a0, i.e. at smaller radii
than the breaking radius throughout the whole simulation.
In order to trace the outer disc, we select r = 14a0, which
is always well beyond the breaking radius. Figure 6 shows
the evolution of the inclination and precession of the inner
and outer discs through the two quantities β and cos γ. The
latter tracks the cosine of the angle between the projection
of the specific angular momentum and the x-axis, i.e. show-
ing the precession of the disc around the z-axis. A period
in cos γ coincides with a precession period. Both quantities
show that the outer disc does not have the time to evolve
significantly: the misalignment angle between the outer disc
and the xy-plane stays constant within 5◦; the outer disc
rigidly precesses around the z-axis by ∼ 30◦ throughout the
whole simulation. The inner disc shows more interesting evo-
lution, as already apparent in Figure 2. Before t ∼ 175Tb, the
misalignment between the inner disc and the xy-plane (i.e.
between the inner disc and the binary, since the inclination of
the binary itself does not evolve significantly) decreases with
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Figure 5. Evolution of eccentricity, orbital separation and incli-
nation with respect to the xy-plane of the central binary. Both
eccentricity and orbital separation vary by a negligible amount.
The inclination, expressed with the angle β, increases to a maxi-
mum value of ∼ 3.7◦ during the whole simulation.
time, due to both the inclination damping that is expected
from viscous dissipation (e.g. Bate et al. 2000; Lodato & Fac-
chini 2013; Franchini et al. 2016), and to the interaction with
the outer disc. In the meantime, the inner disc completes an
entire precession around the z-axis (see right panel of Fig-
ure 6). As already mentioned, by t ∼ 175Tb the outer disc
has spread inwards, and most of the inner disc is accreted
due to angular momentum cancellation. This phenomenon is
at the origin of the “noise” between t ∼ 175Tb and t ∼ 250Tb
in Figure 6. The inner disc is then re-formed by material
inflowing from the outer disc, thus with β ∼ 60◦. Thus, the
misalignment of the inner disc increases between t ∼ 175Tb
and t ∼ 300Tb. As the inner disc is re-formed, the evolution is
similar to the initial one. However, the second inner disc has
a larger rbreak, thus its precession period is much longer than
in the initial phase. In fact it is possible to demonstrate that
the precession period of the inner disc scales with ∼ r3/2break
(from equation 9 of Lodato & Facchini 2013). To be more
quantitative, we can compare the expected precessional pe-
riod of the inner disc when rbreak ∼ 3a0 with the one obtained
from the simulation. Re-adapting equation 12 of Lodato &
Facchini (2013) to the notation used in this paper, we have
that:
Tp =
4
3µ1µ2 cos β¯in
(
p + 1
5/2 − p
) ( rin
a
)7/2 (rbreak/rin)5/2−p − 1
1 − (rbreak/rin)−(p+1)
Tb,
(4)
where −p is the power-law index of the surface density pro-
file, defined as −1 in subsection 2.1, and β¯in = 50◦ is the
average inclination of the inner disc during its first preces-
sion period. The disc inner radius is ∼ 1.5a (obtained from
the simulation), where the tidal truncation radius is smaller
than the canonical 1.7a predicted by Artymowicz & Lubow
(1994), since the disc is not coplanar with the central bi-
nary and is thus truncated at smaller radii (Lubow et al.
2015). Implementing the numbers used in the simulation,
MNRAS 000, 1–18 (2017)
6 S. Facchini, A. Juha´sz and G. Lodato
0 200 400 600 800 1000 1200 1400
t/Tb
0
10
20
30
40
50
60
70
β
(
◦ )
Inner disc
Outer disc
0 200 400 600 800 1000 1200 1400
t/Tb
-1.0
-0.5
0.0
0.5
1.0
co
sγ
Inner disc
Outer disc
Figure 6. Left panel: evolution of the inclination angle of the inner and outer discs, where β is the misalignment angle of the specific
angular momentum to the z-axis. Right panel: evolution of the cosine of the angle γ, which tracks the evolution of the rotation of the
angular momentum unit vector around the z-axis. One period in cosγ indicates a whole precession. In both panels, the inner disc is
traced at r = 2a0, whereas the outer disc is traced at r = 14a0 (see main text).
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Figure 7. Evolution of the misalignment angle between the inner
and outer discs. The evolution is mostly set by the initial misalign-
ment of the disc to the binary orbit, and by the precession of the
inner disc.
with a = a0 since the evolution of the binary semi-major
axis is negligible, we obtain that Tp ≈ 110Tb. This is in line
with the precession period observed in the simulation before
the inner disc is disrupted, with Tp ≈ 116Tb (see right panel
of Figure 6).
All the angles defined so far are expressed with respect
to the xy-plane. However, the most interesting quantity that
can be constrained from observations is the misalignment
angle between the inner and the outer disc. We define this
angle ξ as the angle between the angular momentum unit
vectors of the inner and of the outer disc. The evolution
of the angle ξ is reported in Figure 7. The most important
effect setting the misalignment between the two regions of
the disc is the precession of the inner disc. This is apparent
comparing Figure 7 with the right panel of Figure 6. The
peak of the misalignment between the two regions of the disc
is at t ∼ 125Tb, i.e. when the inner and outer discs are in
antiphase. At this moment, the misalignment is equal to the
sum of the two angles β. The misalignment can be as high
as 110◦, and as the inner disc precesses, any misalignment
between this maximum value and the difference of the two
β angles can be obtained, depending on the phase of the
precession.
3 RADIATIVE TRANSFER
In order to make predictions for observations we used the
3D radiative transfer code radmc-3d2. Since radmc-3d is
a grid-based Monte-Carlo radiative transfer code, our first
step towards calculating observables was to remap the den-
sity structure in the hydrodynamic simulations to that of
the grid used in radmc-3d. To do so we scaled the hy-
drodynamic calculations such that the initial orbital sep-
aration a0 was assumed to be 5 AU and we assumed stel-
lar parameters resembling those of Herbig stars, M?=2 M,
R?=2.5 R, Teff=9500 K, while the disc mass within 100 AU
was assumed to be Mdisc=0.01M. In the radiative transfer
calculations we used a 3D spherical mesh with Nr = 224,
Nθ = 202, Nφ = 200 grid cells in the radial, poloidal and az-
imuthal directions, respectively. The radial grid extends be-
tween 7.5 AU and 100 AU and we used a logarithmic spacing
for the grid cells. For the poloidal and azimuthal directions
we used equidistant cell spacings. We applied SPH interpo-
lation with the standard cubic spline kernel to remap the
density structure in the hydrodynamic simulations to the
cell centers of the 3D spherical mesh.
Dust particles in the disc had a grain size distribution
between 0.1 µm and 1 mm with a power exponent of -3.5 (see
review by Testi et al. 2014, and references therein). The dust
2 http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/
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Figure 8. Synthetic scattered light observations at 1.65µm (H-band) of the hydro model at t = 430Tb, when the misalignment angle
between inner and outer disc is ξ ∼ 74◦. The upper four panels (a-d) show a schematic of the disc 3D structure, where the misalignment
angle between inner and outer disc is the one obtained for this particular snapshot of the hydrodynamical simulation, but radial distances
are not on scale. From left to right: azimuth angle varies by 90◦ between each panel. From second row to bottom: the inclination angle
varies between 0◦ and 90◦. The misaligned inner disc clearly casts an almost symmetric shadow onto the outer disc.
opacity was calculated using Mie-theory from the optical
constants of astronomical silicates (Weingartner & Draine
2001). We assume that gas and dust are perfectly mixed;
at t = 0, the Stokes number (St) for a particle size of 1 mm
is ∼ 8 × 10−4 (r/AU), indicating a good dynamical coupling
between gas and the largest dust particles considered in this
work. In this calculation we have assumed a mass density for
the dust grains of 1 g cm−3. For the gas line calculations we
used a simple CO abundance model, in which the usual 10−4
H2/CO abundance ratio was assumed (Asplund et al. 2009),
but CO molecules were removed from the disc in regions with
AV ≤ 1.0 due to photodissociation (e.g. Williams & Best
2014) . In Paper I the CO abundance was also decreased by
103 where the dust temperature decreased below 19 K due to
freeze out of CO on the surface of dust grains. Note however
that due to the high luminosity of the two central stars, the
dust temperature is above 30 K in the whole grid.
Once we obtained the density structure on the regu-
lar grid for the radiative transfer calculations we computed
the dust temperature with radmc-3d. Finally we calcu-
lated continuum images at 1.65 µm (H-band) and at 880 µm
(ALMA Band-7) as well as channel maps in the CO J=3-
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Figure 9. Synthetic scattered light observations at 1.65µm (H-band) of the hydro model at t = 270Tb, when the misalignment angle
between inner and outer disc is ξ ∼ 30◦. As in Figure 8 the upper four panels (a-d) show a schematic of the disc 3D structure, where the
misalignment angle between inner and outer disc is the one obtained for this particular snapshot of the hydrodynamical simulation. The
panels are as in Figure 8. The pattern of the shadow is very different from the case shown in Figure 8, due to the much lower value of
the ξ angle in this case.
2 transition at 345.7959899 GHz. For the CO channel maps
the velocity resolution was 0.42 km/s corresponding to ap-
proximately 488kHz frequency resolution, the lowest channel
spacing of the ALMA correlator in frequency-division mode.
The distance of the source was taken to be 100 pc.
To simulate observations we convolved the H-band im-
ages with a two dimensional Gaussian kernel with a full-
width at half maximum (FWHM) of 0.04′′. This corresponds
to the resolution of current state-of-the-art near-infrared
cameras such as SPHERE/VLT (Beuzit et al. 2008) or
GPI/Gemini (Macintosh et al. 2008). For the sub-millimetre
ALMA images we used the simobserve and clean tasks in
Common Astronomy Software Applications (CASA) v4.7.2
to calculate synthetic observations. For the synthetic ALMA
observations the full 12m Array was used in a configura-
tion (alma.out18.cfg) that results in a synthesised beam of
0.095′′×0.085′′. The integration time was taken to be 4 h for
the line and 0.5 h for the continuum observations, respec-
tively. The source declination was taken to be δ=-25◦and
the observations were symmetric to transit. For the contin-
uum simulations we used the full 7.5 GHz bandwidth of the
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Figure 10. Synthetic observation of scattered light emission of panel h of Figure 8 (left panel) and Figure 9 (right panel), when the
outer disc is seen face-on. The emission has been multiplied by R2 (with R being the radial coordinate in the plane of the sky), to
compensate for the geometric dilution of the flux of the central stars. The difference in the emission of the two cases is due to the
different misalignment angles between inner and outer disc: ∼ 74◦ in the left panel, and ∼ 30◦ in the right panel. The two shadows in the
inner region of the outer disc are highlighted by the white arrows.
Directly illuminated regions
Figure 11. Sketch of the shadow pattern when ξ & Hp/rbreak.
While one side of the outer disc is completely illuminated by
the central star, in the opposite side only the inner regions are
impinged by direct radiation. Due to disc flaring, the outer regions
are in the shadow of the inner disc.
ALMA correlator in time-division mode. No thermal noise
was added to any of the synthetic observations.
4 OBSERVATIONAL DIAGNOSTICS
We computed synthetic images of many different snapshots
of the hydrodynamical simulation. The main quantity that
is going to determine a difference appearance is the misalign-
ment angle ξ between inner and outer disc. We will discuss
synthetic observations for two cases, with ξ ∼ 74◦ and 30◦,
respectively at t = 430Tb and t = 270Tb, in order to show
results with two very different misalignment angles.
Since the disc structure is genuinely 3D, other two an-
gles define the synthetic observations: the inclination of the
outer disc in the plane of the sky i, and the azimuth an-
gle around the rotation axis of the disc φ. Results will be
shown for three different inclination angles (i = 0◦, 45◦ and
90◦) and 4 different azimuth angles (φ0 = 0◦, 90◦, 180◦ and
270◦), as in Paper I.
4.1 Scattered light
The continuum emission from the surface layers of the disc
at 1.65 µm is dominated by scattered light. The maximum
temperature in the disc from the radiative transfer is ∼ 400 K
at the tidal truncation radius, thus the thermal emission in
the H-band is negligible. The images obtained for the two
misalignment angles are reported in Figure 8 and Figure 9.
In both cases, the image is shown with a mask mimicking a
coronograph centered on the central stars, with a radius of
0.1′′.
In the first case (Figure 8), when the inner and outer
discs are mutually misaligned by ξ ∼ 74◦, the inner disc
casts two well-defined azimuthal shadows onto the outer
disc, since the inner disc is optically thick at these short
wavelengths. Observationally, these two shadows have been
used to determine the inclination and position angle of the
inner disc. In particular, the displacement of the line con-
necting the two shadows from the central star, and the po-
sition angle of the shadow, can be used to constrain both
the inclination and the position angle of the inner disc, pro-
vided that the inclination of the outer disc is known (Min
et al. 2017). In all panels, the inner disc is marginally visible
at the edge of the coronograph. In the panels i-j, the back
side of the disc can also be seen in the southern part of the
images.
Figure 9 shows instead the simulated scattered light
observations for an inner-outer disc misalignment angle of
∼ 30◦. In this case, the images look quite different from the
higher misalignment angle. The face-on and 45◦ inclination
images show a strong azimuthal asymmetry, with almost half
of the outer regions of the disc being in the shadow casted
by the inner disc. The inner regions of the outer disc still
show a double-shadow. This signature is more apparent in
the right panel of Figure 10, where we show the same im-
age of Figure 9h, but with the emission multiplied by R2
(with R being the radial coordinate in the plane of the sky)
to compensate for the geometric dilution of the stellar flux.
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Figure 12. Synthetic ALMA observations at 870µm (Band 7) of the hydro model at t = 430Tb, when the misalignment angle between
inner and outer disc is ξ ∼ 74◦ (as in Figure 8). The synthesised beam is shown in white in the bottom left corner of each panel.
The azimuthal regions where scattered light observations show a shadow in the outer disc present lower brightness that the directly
illuminated areas, indicating that the dust mid-plane temperatures are lower.
This double shadow is expected to arise whenever the inner
disc is misaligned by & 2H/R rad (∼ 5◦ with the parameters
of our simulation), where in this simple estimate we have
assumed that the τ = 1 surface in the NIR is at ∼ H/R.
The actual surface is expected to lie at higher layers, but
the exact number depends on many quite unconstrained pa-
rameters, as the grain size distribution and vertical settling.
The shadows in the inner regions of the outer disc are az-
imuthally more extended that in the previous case, which
is due to the lower misalignment angle ξ. The minimum
value that the azimuthal width of the shadows can reach is
∼ (H/R)in rad, i.e. the scaleheight of the inner disc, when the
misalignment angle is 90◦. The azimuthal width will increase
for lower misalignments (Long et al. 2017). Combining this
information with the inclination and position angle of the
inner disc derived as mentioned above (Min et al. 2017), it
is observationally possible to put stringent constraints on
the inclination, position angle, and scaleheight (of the NIR
τ = 1 surface) of the inner disc.
A second effect that is clearly visible both in Figure 9
and in the right panel of Figure 10 is the impact of flaring.
Between the two shadows cast by the inner disc (in the west
side of the disc), the inner region of the outer disc are still
illuminated, whereas the outer regions are not. Between the
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Figure 13. Synthetic ALMA observations at 870µm (Band 7) of the hydro model at t = 270Tb, when the misalignment angle between
inner and outer disc is ξ ∼ 30◦ (as in Figure 9). The i = 0◦ inclination cases show mild azimuthal asymmetries in the outer disc, with a
contrast as high as ∼ 5% between the shadowed and illuminated sides.
inner regions of the outer disc (at ∼ 28 AU, i.e. rbreak rescaled
to physical units) and the very outer regions (at 100 AU), the
aspect ratio of the disc varies by 60%. If the τ = 1 surface
of the inner disc lies between these two angles, the outer
disc is going to be illuminated only in the inner regions,
whereas the outer ones will be in the shadow (as portrayed
in the sketch of Figure 11). A flat disc would not show such
a behaviour, since there would not be any radial gradient in
the aspect ratio.
4.2 (Sub-)mm continuum
The (sub-)mm continuum images at 870 µm for the two
inner-outer disc misalignment angles are shown in Figure 12
and Figure 13. The antenna configuration used to produce
the synthetic images provides high enough angular resolu-
tion to resolve both the inner and the outer disc. Whereas
scattered light images show the illumination pattern of the
upper layers of the disc, the surface brightness of the (sub-
)mm continuum probes the colder disc midplane, where the
emission is dominated by a combination of the dust column
density and temperature. Panels e-h of Figure 12 show maps
of the 74◦ misalignment case with the outer disc being face-
on. As expected, the inner disc is seen almost edge-on. The
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Figure 14. Synthetic ALMA integrated intensity (0th moment) maps of CO J=3-2 for the ξ = 74◦ misalignment case. Contours indicate
the intensity weighted velocity (1st moment) maps, where dashed contours denote negative velocities. For the i = 0◦ cases, contours are
7 evenly spaced between −3 and +3 km s−1. For both i = 45◦ and i = 90◦, contours range between −9 and +9 km s−1.
inner regions of the outer disc (outside rbreak) show a non
axisymmetric structure, with two azimuthal regions of lower
surface brightness, which coincide with the two shadows cast
by the inner disc onto the outer regions. This is a direct ef-
fect of the dust temperature being lower in the shadowed
regions (the column density is close to being azimuthally
symmetric in the outer disc), as discussed in Paper I. The
difference in surface brightness is ∼ 20% between directly
illuminated and shadowed regions. The same pattern can be
seen in the 45◦ inclination cases. Interestingly a similar tem-
perature structure has been inferred for the HD142527 disc
(Casassus et al. 2015b), and coincides with the shadows seen
in scattered light (Marino et al. 2015)
The same effect is also observed in the synthetic maps
of the ξ = 30◦ case (Figure 13). Here the contrast in sur-
face brightness between illuminated and shadowed regions
is however lower than in the ξ = 74◦ case, at about the 5%
level in the face-on cases.
4.3 Moment maps of CO lines
The synthetic ALMA images of the CO J=3-2 line are shown
in Figure 14 - Figure 17, where the first two figures portray
the 0th moment maps, and the second two figures show the
1st moment maps. As in subsection 4.1 - subsection 4.2,
both the high and low misalignment angle cases are reported.
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Figure 15. Synthetic ALMA integrated intensity (0th moment) maps of CO J=3-2 for the ξ = 30◦ misalignment case. Contours indicate
the intensity weighted velocity (1st moment) maps, where dashed contours denote negative velocities. Contour levels are as in Figure 14.
Spatially resolved line emission provides information both on
the surface brightness and on the gas kinematics, which is a
key diagnostics of warped structures.
As shown in Paper I, CO lines are much more sensitive
to the illumination pattern than the mm continuum. In par-
ticular, rotational transitions of CO become optically thick
at very low column densities, as opposed to the optically
thinner continuum emission at similar wavelengths. Thus,
while the latter provides information on the disc midplane,
the former traces the thermal conditions of the upper lay-
ers of the disc, where the line originates. Being CO in local
thermo-dynamical equilibrium (LTE) in its rotational ladder
for typical conditions of protoplanetary discs, the emission
is mostly sensitive to the temperature at the τ = 1 layer of
the emission line (e.g. Bruderer 2013; Facchini et al. 2017).
This is clearly shown by comparing the ALMA integrated
intensity maps (Figure 14-Figure 15) with the scattered light
images (Figure 8-Figure 9), in particular the face-on cases,
panels e-h. The pattern of the shadow cast by the inner disc
as shown by scattered light is well reflected in the surface
brightness (thus in the temperature structure) of the CO
line. While the contrast in brightness between the directly
illuminated and shadowed regions is as high as & 100 in the
scattered light images, it decreases to a factor of ∼ 2 in the
CO integrated intensity maps.
In panels e-l (i = 0◦ and i = 45◦) in both Figure 14 and
Figure 15 the cavity carved by the binary within the inner
disc is observable at the chosen resolution. In the ξ = 74◦
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Figure 16. Synthetic ALMA intensity weighted velocity (1st moment) maps of CO J=3-2 for the ξ = 74◦ misalignment case. Panels
j and k show an inner disc that is apparently counter-rotating with respect to the outer disc, due to projection effects. As soon as the
outer disc in inclined in the plane of the sky, a twist is readily observed in the 1st moment maps.
case (Figure 14) the disconnection between inner and outer
disc is well visible as well, in particular in the cases where
the inner disc is seen almost edge on. The gap between the
inner and outer disc, which is due to a discontinuity in the
angle β, cannot be observed if the disc is not actually broken,
but only warped. This can be easily noticed by comparing
Figure 14 with figure 9 of Paper I, where was shown the
total intensity map of the same line for a warped disc. The
azimuthal variation in surface brightness is also much more
severe in the broken disc case, where the misalignment angle
between inner and outer disc can be  Hp/R.
Together with the scattered light pattern, the best
provider of information about the 3D structure of the disc
is the intensity weighted velocity (1st moment) map. The
velocity structure of a system with a tilted inner disc is sig-
nificantly different from a simpler co-planar case. This can
be clearly seen in both Figure 16 and Figure 17, where the
first one portrays 1st moment maps of the ξ = 74◦ case, and
the second one of the ξ = 30◦ case. Panels e-h in both fig-
ures show an outer disc that is seen face-on. As the inner
disc is tilted, the rotation pattern stands out in these in-
ner regions, with a magnitude of the projected velocity that
is much higher than if the inner disc were face-on. As the
zero projected velocity line runs along the semi-minor axis
of a disc, the position angle of the inner disc can be easily
derived by looking at this line, as it is routinely done for
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Figure 17. Synthetic ALMA intensity weighted velocity (1st moment) maps of CO J=3-2 for the ξ = 30◦ misalignment case. When the
outer disc is inclined in the plane of the sky, a twist in the 1st moment map is observed whenever the line of nodes is not along the
semi-major axis of the outer disc (panels j and l). When the line of nodes is parallel to the semi-major axis, the inner disc shows either
higher (panel i) or lower (panel k) velocities than if the inner disc were rotating on the same plane of the outer disc.
full co-planar discs. By comparing the cartoons in panels
a-d with the 1st moment map of the face-on case in panels
e-h, it is clear that the zero projected velocity line is per-
pendicular to the line of nodes, i.e. the line that defines the
interception between the planes of the inner and the outer
disc.
As the outer disc becomes more inclined in the plane of
the sky, the 1st moment map becomes more complicated. At
i = 45◦, Figure 16 shows an intensity weighted velocity map
that is clearly significantly twisted for all azimuth angles
(panels i-l). The twisting is much more significant than the
warp cases addressed in Paper I, since the misalignment an-
gle between inner and outer disc is much larger. The different
pattern between panels i and j is due to the 90◦ difference in
the position angle of the inner disc between the two cases.
Even more peculiar are panels k and l, where the inclina-
tion in the plane of the sky is such that the inner disc seems
to be counter-rotating, whereas the actual misalignment an-
gle between inner and outer disc is 74◦. While in this case
the counter-rotation is just an effect of velocity projection
onto the sky, note that as the inner disc precesses, counter-
rotation can actually be attained in the hydrodynamical
simulation (see Figure 7), where with counter-rotation we
consider snapshots where ξ > 90◦.
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As ξ becomes lower, the twisting in the 1st moment
maps become less severe. In panels i and k of Figure 17,
where ξ = 30◦, the very inner regions of the disc still show a
quite significant twist. Panels j and j, instead, show a very
minor twist. The reason is simply that in this second case
the line of nodes is close to be along the semi-major axis of
the outer disc, thus the zero velocity map does not bend sig-
nificantly in the intensity weighted velocity map. However,
there is a clear difference between panel j and panel l: the
inner regions of the disc of the former show projected veloc-
ities that are higher by 80%. This can be simply understood
by geometrical means: panel i has an inner disc where the far
side is tilted away from the observer, whereas panel k has an
inner disc where the far side is tilted towards the observer.
Due to projection effects, the former shows projected veloc-
ities that are higher than if the disc were entirely co-planar,
whereas the latter presents lower velocities compared to the
co-planar case (see also Rosenfeld et al. 2012, Paper I). As
discussed in Facchini et al. (2014) and Paper I, this effect is
maximised for very low inclination angles i of the outer disc.
In the estimates of the gas temperature (and dust tem-
perature in the disc midplane in subsection 4.2), we have
made the implicit assumption that the gas reacts instanta-
neously to the local illumination, i.e. to the local light spec-
trum. This assumption is equivalent to assuming a cooling
timescale tcool that is much shorter than the local dynamical
timescale 1/Ω, where Ω is the orbital frequency. Being more
precise, the gas temperature can react to the azimuthal vari-
ations of the shadow pattern if (∆φ/2pi)/Ω > tcool, where ∆φ is
the azimuthal width of the shadow in radians, i.e. if the time
for a gas parcel to cross the shadowed region is longer than
the cooling timescale. This assumption is probably valid for
the upper layers of the disc, where the CO emission gener-
ates, since both the heating and cooling timescales are rather
fast. However, this might not hold true for the disc midplane
(e.g. Montesinos et al. 2016), where the cooling timescale is
much longer; thus the significance of the azimuthal asymme-
tries predicted for the (sub-)mm continuum are a reasonable
upper limit to what is expected in real systems.
5 DISCUSSION
We have shown the observational variety that can arise from
a protoplanetary disc that presents a tilted inner disc. The
hydrodynamical simulation presented in this paper are spe-
cific for a circumbinary disc that is misaligned with respect
to the orbital plane of the central equal-mass binary. Pub-
lished observations of particular protoplanetary discs are
showing that there are other means to break a disc. For
example, in HD142527, the inner disc (Marino et al. 2015)
is likely to be misaligned due to the interaction with the
∼ 0.2M companion (Biller et al. 2012; Close et al. 2014)
orbiting within the transition disc cavity, but outside the
circumprimary disc. A different case is AA Tau, where mod-
els of the optical and NIR light-curve (e.g. Bouvier et al.
2013) and new ALMA images (Loomis et al. 2017) of an
almost edge-on inner disc invoke an interaction between the
inner disc and the magnetic dipole moment of the central
star (Foucart & Lai 2011). However, the qualitative proper-
ties of the observational diagnostics presented in section 4
can be extended to these different scenarios, as long as a
misaligned inner disc casts a shadow onto the outer regions.
In some transition discs with large dust cavities, the in-
teraction with a potentially misaligned companion has suc-
cessfully modelled many azimuthal asymmetries observed
in the ring of the (sub-)mm continuum (e.g. Ragusa et al.
2017). This might indicate that indeed misaligned compan-
ions might be at the origin of the central cavity (e.g. Pinilla
et al. 2012), leading to the azimuthal asymmetries in the
outer dust trap, and tilting the inner disc as in HD142527
system (Owen & Lai 2017). However, conclusive proof will
come only when these potential companions will actually be
observed.
In the synthetic scattered light observations, no sign of
a spiral-like pattern is observed. In order for the inner disc to
illuminate the outer disc with a spiral morphology, a strong
twisting is expected to arise in the inner disc. However, in
Figure 3 we demonstrate that the inner disc is not twisted,
at least for the particular case of an inner binary potential.
In Paper I, we have also shown that even when the disc does
not break, since the misalignment angle between the binary
and the disc is not high enough, the disc is not significantly
twisted for typical protoplanetary conditions. If the preces-
sion timescale of the inner disc is comparable to the light
travel time between the stars and the outer disc, then a spi-
ral pattern in the shadows of the upper layers of discs might
be observed (Kama et al. 2016). In this paper we have not
taken this effect into account, but we stress that in order to
have a precession timescale that is of the order of the pho-
ton travel time through the disc, a rather compact binary is
needed (with a ∼ 0.1 AU). Finally, the potential triggering of
spiral waves due to the asymmetric shadowing, generating
azimuthal asymmetries in the pressure profile (Montesinos
et al. 2016) has not been considered here. A more detailed
discussion on the gas and dust temperatures resulting from
the asymmetric illumination is included in subsection 4.3.
The particular twisted 1st moment maps shown in sub-
section 4.3 have already been observed in a few sources by
ALMA (e.g. Rosenfeld et al. 2014; Casassus et al. 2015a; van
der Plas et al. 2017; Loomis et al. 2017; Walsh et al. 2017),
in particular within the cavities of transition discs. In most
cases the angular resolution was not high enough to resolve
the twist, but a thorough analysis has shown that the in-
ner regions of the disc have velocities that are higher than
expected from a co-planar model. Rosenfeld et al. (2014) re-
alised that gas radial inflows can lead to the same twisted
velocity maps. Theoretical models have struggled to explain
why such inflows should be present in systems hosting a sin-
gle star. However, recent studies on magnetised winds are
starting to show that these inflows might be a consequence of
fast accretion driven by the winds (Wang & Goodman 2017;
Zhu & Stone 2017). To observational distinguish between
radial inflows and warped or tilted inner discs, scattered
light observations can play a fundamental role. Whereas the
projected velocity map can be degenerate between the two
cases, the azimuthal asymmetries shown in subsection 4.1
can arise only if an actual misalignment is present. Thus,
multi-wavelength observations in the NIR and in the (sub-
)mm to constrain the gas kinematics are fundamental to
discriminate between the two different scenarios. Moreover,
while radial inflows will always lead to higher projected ve-
locities than what is expected from Keplerian and co-planar
MNRAS 000, 1–18 (2017)
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models, tilted inner disc can provide both higher and lower
velocities (see discussion in subsection 4.3), depending on
whether the inner disc bends towards or away from the ob-
server.
A warped or broken inner disc and radial inflows are not
mutually exclusive in real systems. In particular, Casassus
et al. (2015a) suggested that the HD142527 system might
host both physical mechanisms, with inflowing gas originat-
ing from the angular momentum cancellation of neighboring
precessing annuli. As shown in Figure 4, this might occur
in circumbinary discs. However, in our simulations the in-
falling material is mostly confined between the inner and
the outer disc, and the observability of the gas inflow would
be extremely challenging due to the high angular resolution
it would require. In HD142527, the binary is not of equal
mass and the orbit of the secondary star is most likely ec-
centric (Lacour et al. 2016), which can lead to a much more
significant gas inflow compared to our circular binary case.
Moreover, in HD142527 it is the circumprimary disc that is
misaligned with respect to the circumbinary disc. The radial
inflow between the circumprimary and circumbinary discs in
HD142527 is on a much larger spatial scale, and thus easier
to observe, compared to the very narrow region between the
two parts of the circumbinary disc in our models.
6 SUMMARY AND CONCLUSIONS
In this paper, we have modeled a misaligned circumbinary
disc, where the initial misalignment between the disc and the
central binary leads to the formation of a tilted inner disc
precessing as a rigid body. We have post-processed snapshots
of the hydrodynamical simulation at different stages of the
evolution, in order to provide observational diagnostics of
a tilted inner disc at different wavelengths, motivated by
actual hydrodynamical models. Our main conclusions can
be listed as follows:
(i) The misalignment angle between inner and outer discs
is a function of both the initial misalignment with respect to
the central binary, and of the precession phase of the inner
disc; in our simulation, the misalignment angle can become
as large as & 90◦.
(ii) We confirm earlier studies showing that shocks can
occur where the inner disc grazes the outer one, leading to
significant angular momentum cancellation and consequent
accretion.
(iii) Synthetic scattered light observations show strong
azimuthal asymmetries; their pattern depends strongly on
the instantaneous misalignment between inner and outer
disc.
(iv) The asymmetric illumination of the disc leads to sur-
face brightness variations both in the disc midplane, traced
by (sub-)mm continuum, and even more significantly in the
disc upper layers, traced by optically thick lines, e.g. from
CO rotational transitions.
(v) The intensity weighted velocity maps can readily indi-
cate the presence of a broken inner disc, whenever the inner
disc is resolved.
(vi) A combination of scattered light observations to de-
termine the 3D geometry of the inner disc, and line observa-
tions to determine the disc kinematics, are a powerful tool to
discriminate between radial inflows and warped/tilted struc-
tures.
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